We report on the method for picosecond pulse envelope shaping that is based on pulse temporal profile transformations during the cascade second harmonic generation. It was demonstrated theoretically and experimentally that under a particular second harmonic generation condition, e. g. pump pulse intensity and crystal length, the 1064 nm pump pulses with a temporal profile close to the Gaussian one and pulse width of 75 ps at FWHM can be converted to pulses of fundamental and second harmonics with the super-Gaussian temporal profile having an intensity plateau region extending over a ~100 ps time interval when conversion efficiency in the first stage of the harmonic generator was around 45-50%. Our proposed shaping method is particularly suitable for the application in the multistage OPCPA pumped by the second harmonic of Nd:YAG laser radiation.
Introduction
Since its invention in the early 1990 [1] the optical parametric chirped-pulse amplification (OPCPA) has become an attractive alternative to Ti:sapphirebased amplifier systems and has opened up a new path towards generation of high peak power fewcycle pulses [2, 3] . OPCPA systems based on noncollinear parametric amplification provides amplification bandwidths sufficient for the formation of sub-10 fs pulses with peak powers of terawatt level [4, 5] ; however, both total gain and gain spectral bandwidth sensitively depend on the temporal and spatial shape of the pump pulses [6] . In most cases a pump pulse with a Gaussian temporal profile is used. If a uniform gain across spectral signal bandwidth is to be achieved, the pump pulse has to be significantly longer than the seed pulse in order to keep pump intensity approximately constant during amplification. In this case, however, a large fraction of pump energy is discarded, thereby lowering the overall efficiency of the parametric amplification process. If the seed and pump pulses are of comparable duration, the gain along the chirped seed pulse is non-uniform and usually leads to the narrowing of the amplified pulse spectrum. The pump pulses with a rectangular temporal profile and duration comparable to that of the seed pulse would provide a uniform gain for all seed spectral components, thereby avoiding spectral gain narrowing, increasing pump-to-signal conversion efficiency [7] , and improving the amplified pulse contrast ratio in respect to parametric superfluorescence background [8] . There are numbers of techniques for the shaping of nanosecond or femtosecond pulses. The formation of flat-top temporal profile pulses on a nanosecond scale are mostly based on the application of fast optoelectronics [7, 9, 10] while the temporal shape of the femtosecond or sub-picosecond pulse can be modified by amplitude and phase modulation of the pulse spectral components employing the spatial light modulator [11] [12] [13] [14] or acousto-optic programmable dispersive filter [15] [16] [17] . For the pulses of 30-100 ps duration the application of these methods is rather limited due to a narrow pulse spectrum (fractions of nanometer) and insufficient temporal resolution of optoelectronic schemes. It was demonstrated that the picosecond pulse envelope could be shaped by pulse stacking [18] [19] [20] [21] . However, the resultant pulse shape obtained using this method is extremely sensitive to mechanical and thermal perturbations on an interferometric scale.
In this work we introduce a method for picosecond pulse envelope shaping that is based on pulse temporal profile transformations during cascade second harmonic generation. The main idea of pulse formation could be presented as follows. In a second harmonic generation process the temporal profile of the fundamental harmonic (FH) pulse undergoes significant changes governed by the input pulse temporal profile and frequency conversion efficiency. In case of pulses with the Gaussian temporal profile and negligible group velocity mismatch of the interacting pulses the growth of energy conversion to the second harmonic (SH) leads to the flattening of residual fundamental pulse envelope and consequent formation of a dip in the temporal pulse profile [22, 23] . The modified fundamental pulse leaving the first second harmonic generator could be used as a pump pulse in the second stage of the harmonic generator. The SH generator pumped by flat-top pulses will produce flat-top pulses of the second harmonic as well. In this paper we present numerical simulations revealing the possibilities to shape picosecond pulses using tandem second harmonic generators and report experimental results on the formation of a 100-150 ps flat-top pulse at 532 nm that could be used for the efficient pumping of OPCPA systems.
Computer simulations
In order to find out the conditions for effective pulse envelope transformations employing cascade SH generators we performed a numerical simulation of the three-wave parametric interaction using the symmetrised split-step method [24, 25] . According to the model the nonlinear crystal was divided into a number of slices. Diffraction and material dispersion were accounted for in each slice independently from the nonlinearity of material. The linear propagation of the waves was handled in the Fourier space as [26] : (1) where j = 1 and 2 indicate a fundamental and a second harmonic, respectively, F -1 denotes the inverse Fourier transformation, and S j (ω, k x , k y , z) is the initial spectrum of the wave given by S j (ω, k x , k y , z) = F{A j (t, x, y, z)}. Dispersion and diffraction effects were accounted for via exponential term in Eq. (1), where k (ω) describes the material dispersion. For the extraordinary wave the spatial walk-off was taken into account via k dependence on k x , i. e. on propagation direction. The computation of nonlinear propagation of the waves was performed using the fourth-order Runge-Kutta method for integration of the coupled wave equations (2), (3) in the near field representation (t, x, y, z):
Numerical simulations were performed for the case of two-stage cascaded SH generation employing a type-I (oo-e) phase matching DKDP crystals with a length L = 10 mm in the first stage and L = 20 mm in the second stage of the SH generator. The coefficients of Sellmeier equations given by Lozhkarev et al. [27] were used and the effective second-order nonlinear susceptibility was taken to be d eff = 0.22 pm/V. It was assumed that the FH pump pulse entering the SH generators has a Gaussian temporal profile with the pulsewidth at FWHM of 70 ps and a third-order super Gaussian spatial profile with the full-width at the half maximum (FWHM) of 7.5 mm that was the best fit for the experimentally obtained FH beam profile. Figure 1 presents the simulated FF pulse temporal profiles on the beam axis. It shows that changes in the temporal profile of the residual FH after the first stage of SH generation when increasing pump pulse intensity I p are quite substantial. At a pump intensity value of I p = 4 GW/cm 2 the FH pulse envelope takes a flat-top temporal profile exhibiting the pulse intensity plateau region of ≈50 ps (line (2) in Fig. 1(a) ). Note that in this case the FWHM pulse duration increases up to 111 ps. Further increase of pump intensity results in progressively growing envelope modulation of the FH pulse (see lines (3), (4) in Fig. 1(a) ).
In the second step we performed the computer simulation of the SH generation using the fundamental harmonic pulses depicted in Fig. 1 (a) as a pump for the second stage of the SH generator. The simulation results presented in Fig. 1(b) show that the temporal profile of the SH pulse generated in the second stage tends to repeat the pump pulse temporal profile with modestly reduced pulse duration and increased temporal modulation. Also it is worth to mention that using the same approach and more than two SH generation stages the FH and the SH pulse flattening effect become more and more notable after each subsequent SH generation stage and the shape of the pulse envelope approaches the rectangular one.
The pulses exhibiting an intensity dip in their temporal profile could also find an application as a pump for OPCPA systems, providing an opportunity to achieve a higher gain for the spectral component situated at the leading and trailing edges of the seed pulse and obtain a broader amplified pulse spectrum. Another possibility to control the FH pulse shape is to generate the SH pulses at a slight detuning ∆θ from the angle of perfect phase-matching [28, 29] . As can be seen from Fig. 2(b) , the flat-top shape of the FH pulse envelope with some ripples on the top of the pulses can be realised at pump intensity of I p = 9 GW/cm 2 and ∆θ = 0.12 mrad when using 10 mm long DKDP crystal. This option is more favourable for achieving higher energy conversion to the SH. However, the operation of SH stages in high energy conversion regimes is rather critical to the SH crystal angular adjustment. As shown in Fig. 2(b) at pump intensity I p = 9 GW/cm 2 the slight detuning of SH crystal from perfect phase-matching leads to significant perturbations in the shape of a residual FH pulse, while at I p = 4 GW/cm 2 the changes of the pulse temporal profile are significantly less pronounced (see Fig. 2(a) ).
Experimental set-up
The experiment was carried out using the Nd:YAG based amplification system developed for the pumping of OPCPA set up at Vilnius University. The key feature of our laser and measurement system is the direct seeding of picosecond (ps) Nd:YAG amplifiers by femtosecond (fs) pulses from the Yb:KGW oscillator which in parallel is used as a seed source for a femtosecond Yb:KGW regenerative amplifier. Such approach ensured reliable full-optical fs-ps pulse synchronisation of the whole laser system and allowed for the measurement of the temporal profile of picosecond pulses by probing them with femtosecond ones.
In our set-up schematically presented in Fig. 3the Yb:KGW fs oscillator (Light Conversion, Ltd.) which provides pulses of 60 fs duration and of 9 nJ energy at a 78 Mhz repetition rate was used as a seed source both for femtosecond Yb:KGW regenerative amplifiers and for the picosecdond Nd:YAG amplification system.
The Yb:KGW amplifier and Nd:YAG amplifier operate at different wavelengths, namely 1030 and 1064 nm. The output pulses from the oscillator are spectrally divided into two parts using a spectrally selective beam splitter composed of a custom design phase retardation quartz plate λ/2 and a polarisation cube PC. The phase retardation plate preserves polarisation direction of a 1064 nm spectral component and rotates by 90 deg the polarisation plane of the oscillator pulse spectral components in the vicinity of 1030 nm. The 1030 and 1064 nm spectral components are separated by the polarisation cube and directed to the inputs of Yb:KGW and Nd:YAG amplifiers. The Yb:KGW amplifier (PHAROS, Light Conversion, Ltd.) is a diode pumped chirped pulse regenerative amplifier delivering ~300 fs pulses with a maximum energy of 450 µJ at 1 kHz repetition rate. The Nd:YAG amplification system (Ekspla UAB) was specially designed for delivering high energy picosecond pulses for the pumping of the OPCPA system. It comprises the tandem diode pumped Nd:YAG regenerative amplifiers and a flash lamp pumped Nd:YAG power amplifier. The femtosecond seed pulse after amplification system was stretched in time up to ~75 ps duration due to gain narrowing in the Nd:YAG laser media and due to the spectral filtering effect of multiple intracavity FabryPerot etalons placed inside regenerative amplifier cavities (for details see [30] ). The Nd:YAG power amplifier boosted pulse energy up to 500 mJ at a repetition rate of 10 Hz. The spatial shape of the output beam had smooth intensity distribution (see inset in Fig. 3 ) which was well approximated by a third-order super Gausian function with FWHM of 7.5 mm.
In the experiment the DKDP crystals of 10 or 13 mm in length were used in the first stage of the SH generator, while the length of the crystal in the second stage was 20 mm. All the crystals were cur for type I phase matching at polar angle θ = 36.6° and azimuthal angle ϕ = 45°. The measurements of the temporal shape of FH pulses were performed by using a third-order cross-correlator (Sequoia, Amplitude Technologies) designed for a 1000-1150 nm wavelength range. In this crosscorrelator the third harmonic generation is employed to achieve cross-correlation between the incident pulse and the probe pulse. In standard configuration the probe pulse is the SH of the pulse itself. For our experiments we modified the arrangement of a cross-correlator by setting up an additional beam path for femtosecond pulses delivered by the PHAROS system and using the SH of these pulses as a probe. The probe pulse duration was more than 100 times shorter than the duration of picosecond pulses and the evolution of the third harmonic signal with respect to the time delay between incident and probe pulses gave an accurate representation of the picosecond pulse temporal profile. The measurement of the temporal shape of local intensity was performed using an aperture which selected the small area of picosecond pulse beam cross-section.
Results
In the initial experiments the pulse envelope modification taking place in the centre of the beam was measured. A 1.5 mm size aperture was placed in front of the beam of FH pulses leaving the first SH generation stage in order to eliminate effects related to varying pulse intensity across the FH beam. The measured pulse temporal profiles are presented in Fig. 4 . The experiment confirmed expectations that due to the intensity dependent nature of the SHG process the flattening of the initial bell shaped FH Fig. 3 . Picosecond pulse shaping and measurement system: M mirrors, ODL optical delay line, SH1 DKDP crystal (10 or 13 mm long), SH2 DKDP crystal 20 mm long, SH and TH second and third harmonic crystals for pulse crosscorrelation measurements, respectively, DM dichroic mirrors, A aperture, PC polarisation cube. Inset shows the FH pulse temporal profile and beam intensity spatial distribution at the output of Nd:YAG amplifiers. pulse takes place and at a certain pump intensity level the pulse envelope of the residual FH becomes flat-top shaped. Further increase of pump intensity and corresponding conversion efficiency to the SH leads to the appearance of a dip in the pulse temporal envelope. The measured pulse temporal profiles were in good agreement with the results of computer simulations performed using actual pump pulse characteristics.
It is evident that pulse shape changes in the FH beam are spatially dependent as pump intensity varies across the beam. This variation should be taken into account when exploiting the pulse temporal profile modifications in real application of OPCPA. In Fig. 5 the results of pulse shape measurements performed by acquiring the signal from the whole beam are presented. One can see that in this case both pulse flattening and pulse envelope modulation effects are less pronounced as compared to the results of the pulse envelope measurements at the same pulse peak intensity in the beam centre (see Fig. 4 ). The efficiency of the SH generation and, consequently, FH pulse shape modification in the peripheral areas of the beam is much weaker due to lower pulse intensity values. The contributions from these areas to an integral pulse envelope noticeably conceal the pulse shape transformations taking place in the central part of the beam. Therefore, the flat-top temporal profile of the total pulse power ( Fig. 5(b) ) was observed at nearly two times higher peak intensity as compared to the intensity required to flatten the residual FH pulse in the beam centre (see Fig. 4(a) ). The results of computer simulation performed by integrating pulse shape modifications across the whole beam (dotted lines in Fig. 5 ) differ somewhat from the experimental data. We suspect that this discrepancy arises due to the high degree of thermo-optical distortion, i. e. due to depolarisation which changes the initial state of beam polarisation significantly near the surface of the flash lamp pumped cylindrical Nd:YAG rod (12 mm diameter) of the last amplification stage. This results in a considerably reduced efficiency of frequency conversion from peripheral beam areas in the crystals of a third-order cross-correlator thus affecting the shape of the measured temporal profile of the total pulse power. Results of FH pulse temporal profile simulations obtained after the integration diameter is artificially reduced to 9 mm (dashed lines in Fig. 5 ) approach the measured pulse temporal profile, which supports the abovepresented argumentation.
In order to estimate quantitatively the temporal pulse shape flattening effect at different experimental conditions we introduced the "pulse shape factor" (PSF) and defined it as: PCF = E f /E t , where E f is the calculated amount of pulse energy contained under the pulse envelope within intensity limits of (0.9-1) I max , and E t is the total pulse energy. The values of this factor for Gaussian and rectangular pulses are 0.35 and 1, respectively. We found that in our experimental conditions the gradual increase of pump intensity results in the rise of the PSF value from the starting value of 0.3 to approx. 0.64 when conversion efficiency η 1 to the SH reaches the level of ~45%. The obtained results were roughly the same for the DKDP crystal length of both 10 and 13 mm. The only difference was that the maximum pulse temporal profile flattening for the crystal of 13 mm was recorded at a ~25% lower pump pulse energy. So, the flat-top pulse was generated using a nonlinear crystal of different length and attaining 45-50% pump to the SH conversion efficiency by adjusting pump pulse intensity. A further increase of conversion efficiency to the SH results in the noticeable modulation of the pulse temporal profile and sharp drop of the PSF value.
The flat-top second harmonic pulses at 532 nm were obtained in the second stage of the SH generator (see Fig. 3 ). The energy conversion efficiency η 2 to the SH in a 20 mm long DKDP crystal was in the range of 20-40% depending on the pump pulse energy. The temporal structure of the ps second harmonic pulses generated in the second SHG stage was characterised by a custom-made third-order cross-correlator in which 1030 nm femtosecond pulses from the PHAROS system were used for the 532 nm picosecond pulse probing (see Fig. 3 ). The SH pulse temporal profiles measured for different FH pulse intensities I p at the entrance of a two-stage SH generator are presented in Fig. 6 . Similar to the results of computer simulations presented in Section 1, in the case of flat-top pump pulses both the SH pulse duration and the width of the intensity plateau correspond to those of the pump pulse with the accuracy of <5%. The slight difference between the cases of 10 and 13 mm long crystals in the first SH stage can be explained by different saturation of the second SH stage. For the case of higher conversion efficiency in the first SH generation stage the pump pulse modulation is transferred to the SH pulse temporal profile with certain increase in the magnitude of this modulation. We should note, however, that due to the difference in the SH generation efficiency across the beam, the 532 nm pulse shape is a function of transverse space coordinate. For example, in case when the integral SH pulse envelope features nearly a flat-top profile (dashed lines in Fig. 6 ) the pulse envelope measured transmitting only the central part of the SH beam (aperture size 1.5 mm) exhibits an 8% intensity drop at the pulse centre. The pulse envelope shape dependence on the spatial position in the beam cross-section can be minimised using beams with a high-order super-Gaussian spatial profile.
Conclusions and outlook
In this work we present the results of investigations of the picosecond pulse temporal profile modifications taking place in the two-stage SH generator. We showed that in particular the second harmonic generation conditions the 1064 nm pump pulses with a temporal profile close to Gaussian and the pulsewidth of ~75 ps at FWHM can be converted to pulses of a fundamental and second harmonic with the super-Gaussian temporal profile having the intensity plateau region extending over a ~100 ps time interval. In our experimental conditions the flat-top pulse formation was achieved using a nonlinear crystal of different length and attaining 45-50% pump to the SH conversion efficiency in the first stage of the SH generator.
The proposed shaping method is particularly suitable for the application in the multistage OPCPA pumped by the second harmonic of Nd:YAG lasers. Using this method the residual radiation of the fundamental harmonic after SH generation in the first stage is effectively used in the second stage of SH generation for the formation of pump pulses with a sufficiently broad intensity plateau region. The use of such pulses as a pump for high gain OPCPA system stages minimises the effect of seed pulse spectrum narrowing and allows reducing the energy of a parametric superfluorescence signal which deteriorates the final pulse contrast. The SH pulse generated in the first stage retains the Gaussian temporal profile, but still can be efficiently applied as a pump in the last stage of a multistage OPCPA set-up. This stage is usually operated in the regime of a small gain and strong saturation [31, 32] what allows avoiding the amplified pulse spectrum narrowing caused by the Gaussian temporal profile of pump pulses. 
